Background. The distinguishing characteristics of extraintestinal pathogenic Escherichia coli (ExPEC) strains are incompletely defined.
2000), ecological source (ie, surveillance fecal specimens and clinical specimens [urine specimens from patients with cystitis or pyelonephritis and blood specimens from patients with urosepsis or bacteremia]), host population (ie, male inpatients at Veterans Affairs [VA] medical centers and ambulatory and hospitalized women), and presumptive ExPEC status (based on established molecular criteria) [18] . For the fecal [5, 15] , cystitis [15] , and pyelonephritis [16] collections, which contained abundant presumptive ExPEC and non-ExPEC isolates, similar numbers of ExPEC and non-ExPEC isolates were selected randomly. For the VA bacteremia collection [5] , presumptive ExPEC isolates, which predominated, were selected randomly, whereas all 9 presumptive non-ExPEC isolates were used. For the Seattle urosepsis collection [17] , for which experimental virulence data were available [6] , all isolates were used, irrespective of presumptive ExPEC status. Of the 300 initially selected isolates, 8 were excluded for technical reasons, leaving 292 isolates as the final study population (Table 1) .
Genome Sequencing
Genomes were sequenced and analyzed as described elsewhere [9] . Pooled paired-end libraries were sequenced on an Illumina MiSeq and Genome Analyzer IIx to a read length of ≥100 base pairs, at a mean coverage depth (±SD) of 58.27-fold ± 35.4-fold. After alignment of short-read sequences to a reference genome by using BWA-mem (v.0.7.12) [19] , single-nucleotide polymorphisms (SNPs) were called using GATK (v.3.5) [20] , recombinant regions were identified and removed using Gubbins (v.2.1) [21] , and the resultant SNP matrix was used to construct phylogenetic trees in PhyML with Smart Model Selection [22] .
Sequence Types (STs) and Phylogenetic Groups
We determined STs by extracting from the genomes the 7 ST-defining housekeeping loci used in the Achtman MLST system. By using Enterobase (available at: https://enterobase. warwick.ac.uk/), each sequence variant was assigned an allele designation, and each allele combination was assigned to an ST. STs were grouped by ST complex (STc) according to Enterobase or if they differed by 1 locus.
Phylogroups were provisionally assigned using the updated polymerase chain reaction (PCR)-based method of Clermont et al [23] and were definitively assigned on the basis of each isolate's placement within the phylogram. Outlier isolates were classified as having an undetermined phylogroup.
Virulence Genotyping
Forty-nine putative or proven extraintestinal virulence genes were sought by either PCR analysis (n = 47) or in silico analysis (n = 2). PCR was done using established protocols [6] , duplicate boiled lysates as template DNA, and inclusion of positive and negative controls. For yfcV and chuA, genomes were screened using BLAST analysis, based on 90% similarity to reference sequences [9] . Based on previous epidemiological and experimental validation, isolates were classified as ExPEC JJ (per the criteria of J. Johnson) if positive for ≥2 of papAH and/or papC (P fimbriae), sfa/focDE (S and F1C fimbriae), afa/draBC (Dr-binding adhesins), iutA (aerobactin siderophore system), and kpsM II (group 2 capsules) [18] ; and as UPEC HM (per the criteria of H. Mobley) if positive for ≥2 of chuA (heme uptake), fyuA (yersiniabactin siderophore system), vat (vacuolating toxin), and yfcV (adhesin) [3] . 
Murine Sepsis Model
An established murine subcutaneous sepsis model was used [6, 11, 14, 24] . The protocol was reviewed and approved by the local institutional animal care and use committee. Approximately 3 × 10 8 colony-forming units of bacteria in the exponential phase of growth were injected subcutaneously into female outbred Swiss-Webster mice (Harlan; Indianapolis, IN), using 5 mice initially and, if the initial standard error exceeded 20%, 5-10 additional mice. In parallel, laboratory strain MG1655 and pyelonephritis isolate CFT073 were injected into 5 mice each as negative and positive controls, respectively [11, 14, 24] . After inoculation, mice were observed for 72 hours and were scored daily for illness severity by a single experienced observer blinded to strain identity, using a 5-point scale (with a score of 1 denoting healthy; 2, mildly ill; 3, moderately ill; 4, severely ill/moribund; and 5, dead), with standardized criteria for each stage. Mice that died received a score of 5 for any remaining study days. Mice were euthanatized on reaching stage 4 or surviving 72 hours. For mice challenged with a given strain, the mean of the daily illness scores was the strain's overall illness severity score, and the proportion of mice that died or reached stage 4 was the strain's lethality score.
Statistical Methods
Statistical testing of dichotomous variables was limited to those with an overall prevalence of 5%-95%. Comparisons of proportions were tested using the Fisher exact test or a χ 2 test, as appropriate. Comparisons involving continuous variables were tested using a 2-tailed t test. Because the virulence indicators were dichotomous and the outcomes were continuous, we used Spearman rank correlations to assess the strength of the associations between the potential predictors and outcomes. Concurrent assessment of multiple variables as predictors of a continuous dependent variable was done using multiple regression analysis, with both forced entry and forward and backward stepwise entry.
Because 5-15 mice were tested per strain, analysis at the mouse level conceivably could increase sample size and, thereby, statistical power but also could be confounded by clustering at the strain level. To determine whether outcomes could be analyzed validly at the mouse level and how much additional statistical power this would provide, we assessed the impact of clustering by strain, using an unconditional multilevel model, with severity as the dependent variable. This showed that strainlevel effects accounted for 83% of the overall variance in illness severity, evidence that clustering by strain was quite significant and would therefore require adjustment in a by-mouse analysis, and that the increment in statistical power from a by-mouse analysis, once adjusted for by-strain clustering, would be small. Because of this and because adjustment for by-strain clustering would preclude stepwise multivariable modeling, we analyzed the data at the by-strain level.
For multivariable modeling, variables were selected as candidate predictors, using a multistage approach, with different partitions of the data set (ie, total and partial [fecal vs clinical isolates]), to assess consistency of results across source groups. First, within a given data set, all candidate predictor variables were assessed for their strength of correlation with the selected outcome (Table 2) , and those with a correlation coefficient of ≥0.30 were assessed further. Next, we examined for intercorrelations among these predictors, and, where 2 predictors had a coefficient of >0.70, we chose the predictor most highly correlated with the outcome as the primary predictor variable. If 2 intercorrelated predictors were correlated equivalently with the outcome, the one that dominated more alternate intercorrelated predictors was used. In the end, all variables for entry into the regression models had coefficients of ≥0.30 for severity and <0.70 for each other. The same selection process was followed for each population partition and was done both with and without considering the composite variables, UPEC HM and ExPEC JJ , as candidate predictors.
After selecting sets of candidate predictors, multiple regression models (forced and stepwise entry) were constructed for each population partition. For stepwise models, the criteria for entry and removal were P values of <.01 and <.05, respectively. Bootstrapping (with 500 iterations) was used to assess model stability.
RESULTS

Study Population Characteristics
The 292 study isolates represented diverse ecological sources, clinical contexts, host populations, locales, and periods ( (15 [5%] ). Each of the 49 virulence genes sought except clpG (a non-P adhesin; not detected) was identified in from 0.3% (papG allele I and F17 adhesin) to 99% (fimH type 1 fimbria) of isolates. Overall, 186 isolates (64%) qualified molecularly as ExPEC JJ , and 216 (74%) qualified as UPEC HM ; these variables were closely correlated (Spearman ρ = 0.71; P < .001).
Murine Sepsis Model Outcomes
In the murine sepsis model, mean illness severity over the 3-day observation period was distributed fairly evenly across the population (Figure 1 ). By contrast, the lethality percentage was strongly bimodal, with peaks at 0% and 100%. Mean illness severity and lethality percentage were highly correlated (Spearman ρ = .92; P < .001). For maximal power, illness severity was selected as the representative virulence outcome. 
Univariable Comparisons of Bacterial Characteristics and Source to
Virulence
Of the studied bacterial characteristics, 46 qualified for statistical analysis, based on a prevalence of 5%-95% (Table 2) . These included 4 phylogenetic groups, 5 STc, 35 accessory traits (ie, 10 adhesin genes, 7 toxin genes, 5 siderophore systems, 4 capsule markers, and 9 miscellaneous traits), and 2 composite variables (ie, ExPEC JJ and UPEC HM ). These bacterial characteristics, plus clinical (vs fecal) source, were compared to illness severity (Table 2) .
Overall, 38 analyzed bacterial traits (83%), including multiple individual traits per category plus the composite variables, ExPEC JJ and UPEC HM , were correlated significantly with illness severity in ≥1 (usually all 3) population partitions ( Table 2) . Most correlations were positive and highly statistically significant and, when significant among both fecal and clinical isolates, pointed in the same direction in each group. Of the 8 exceptional traits that were uncorrelated with illness severity, 6 exhibited an overall prevalence of <10%.
Clinical source also was correlated significantly with illness severity, albeit weakly (ρ = 0.12; P = .04; Table 2 ). Mean severity scores (±SD) overlapped considerably between the fecal and clinical isolates (3.1 ± 1.3 and 3.4 ± 1.2, respectively). Other population partitions by source (ie, invasive vs noninvasive and blood vs nonblood) yielded no significant correlations with illness severity (data not shown).
Derived Sets of Predictors of Illness Severity
The multistage process that was used to select variables for multivariable modeling identified, within the total population, 6 bacterial characteristics as primary variables (ρ < .70; Table 3 ). Neither UPEC HM nor ExPEC JJ qualified, since both were highly correlated with (stronger predictor) fyuA.
Among the fecal isolates, this process identified 9 primary variables, including 5 of 6 from the total population analysis (Table 3) . usp, a primary variable in the total population analysis, was excluded here because it was correlated with (ie, was a stronger predictor of) fyuA. When assessed together with the individual bacterial traits, UPEC HM and ExPEC JJ now qualified as primary variables, along with vat, in place of 3 of the initial primary variables (ie, fyuA, clbN, and kpsM II), which were dominated by the correlated variables (ie, stronger predictors) UPEC HM , vat, and ExPEC JJ , respectively (Table 3) .
Among the clinical isolates, this process identified 5 primary variables, including 3 that had been identified previously as primary variables (ie, fyuA, kpsM II, and K1) and one that was interchangeable with such variables (ie, papEF vs papAH); the only newly identified variable was group B2. As in the total population analysis, neither UPEC HM nor ExPEC JJ qualified because they were highly correlated with (stronger predictor) fyuA.
Multiple Regression Models
To identify independent predictors of illness severity, these derived sets of variables (Table 3) were used as candidate predictors in multiple regression models (Table 4) . Forward and backward stepwise entry consistently arrived at the same final result (data not shown); hence, Table 4 shows the results of forward stepwise entry only. Within the total population, in univariable models UPEC HM yielded an r 2 of 0.31 and ExPEC JJ yielded an r 2 of 0.23, whereas the multivariable forced entry model yielded an r 2 of 0.39 and identified as significant 2 of 6 candidate predictor variables: fyuA (β = 0.35; P < .001) and K1 (β = 0.21; P < .001; Table 4 ). By contrast, the stepwise models identified also kpsM II (β = 0.15; P = .02) and achieved an r 2 of 0.39 with only 3 predictor variables. Bootstrapping results were confirmatory.
Among the fecal isolates, in univariable models UPEC HM yielded an r 2 of 0.39 and ExPEC JJ yielded an r 2 of 0.31, whereas without UPEC HM and ExPEC JJ the multivariable forced entry model yielded an r 2 of 0.46 and identified as significant 2 of 9 candidate predictor variables: K1 (β = 0.33; P < .001) and fyuA (β = 0.30; P = .01; Table 4 ). The corresponding stepwise models likewise achieved an r 2 of 0.46 and identified the same 2 variables as significant predictors, in reverse order of potency. By contrast, with UPEC HM and ExPEC JJ included, the forced entry model achieved a slightly higher r 2 (r 2 = 0.48) and identified as significant predictors K1 (β = 0.33; P = .003) and UPEC HM (β = 0.28; P = .01), whereas the corresponding stepwise models yielded an r 2 of 0.49 and identified ExPEC JJ (β = 0.19, P = .05) as a significant predictor, as well. Bootstrapping findings were confirmatory except with regard to the significance of ExPEC JJ (P = .08).
Finally, among the clinical isolates, univariable models UPEC HM yielded an r 2 of 0.23 and ExPEC JJ yielded an r 2 of 0.15, whereas the multivariable forced entry model yielded an r 2 of 0.32 and identified as significant 2 of 5 primary predictor Abbreviations: ExPEC JJ , extraintestinal pathogenic E. coli, as defined using James Johnson's molecular definition; UPEC HM , uropathogenic E. coli, as defined using Harry Mobley's molecular definition.
a The analysis was done with and without considering UPEC HM and ExPEC JJ as candidate predictor variables.
b Definitions are as follows: fyuA, yersiniabactin receptor; kpsM II, group 2 capsule synthesis; usp, uropathogenic specific protein; K1, group 2 capsule variant; papAH, papC, papEF, papG, P fimbriae structural subunit, assembly, minor tip pilins, and tip adhesin; groups B1 and B2, phylogenetic groups; malX, pathogenicity island marker; clbN and clbB, colibactin synthesis; STc95, sequence type complex 95; iroN, salmochelin receptor; vat, vacuolating toxin; malX, pathogenicity island marker; chuA, heme uptake. variables: fyuA (β = 0.29; P = .002) and K1 (β = 0.17; P = .01; Table 4 ). Additionally, kpsM II approached statistical significance (β = 0.17; P = .06). The corresponding stepwise models achieved an r 2 of 0.31 and identified all 3 variables as significant. Bootstrapping findings were confirmatory. For exploratory purposes, clinical source was added to the (total population) multivariable models as a candidate predictor, despite yielding a ρ of <0.30 with illness severity (Table 2 ). In the forced entry model, it was nonsignificant and did not increase r 2 , and in the stepwise models it was excluded (data not shown).
DISCUSSION
Here we assessed ecological source and diverse bacterial traits as predictors of virulence in a murine sepsis model for 292 clinical and fecal E. coli isolates. Our findings support 4 main conclusions. First, multiple bacterial characteristics, including specific phylogenetic groups, clonal groups (ie, STc), and accessory traits (ie, virulence genes), significantly predicted experimental virulence. Second, trait combinations were more predictive than any single trait, explaining up to 49% of the total virulence. Third, ecological (ie, clinical vs fecal) source, when considered in isolation, also significantly predicted experimental virulence. Fourth, bacterial traits were much more potent predictors than was ecological source, and similar traits were predictive among clinical and fecal isolates.
These conclusions, which support and extend previously proposed concepts [11, 25] , have important implications regarding the relationship between intrinsic virulence, bacterial traits, and ecological source. A common approach for classifying E. coli isolates on the basis of their presumed extraintestinal virulence potential relies on source: clinical isolates presumptively are virulent pathogens (eg, UPEC or ExPEC), whereas fecal isolates presumptively are low-virulence commensal organisms [3, 5] . By contrast, we found a broad range of experimental virulence among clinical and fecal isolates alike, demonstrating that an isolate's clinical versus fecal origin does not indicate reliably its intrinsic virulence potential. Although on average the clinical isolates (which represented predominantly pyelonephritis and bacteremia) tended to be more virulent than the fecal isolates, these populations overlapped considerably.
We selected our study population by deliberately stratifying isolates according molecular ExPEC JJ status to provide sufficient numbers within key subgroups to overcome the statistical power limitations that occur with natural or ad hoc isolate collections. Such biased selection might be considered to preclude a valid assessment of virulence in relation to ecologic source by distorting the authentic relationship between source and ExPEC JJ status. However, this concern actually presupposes the validity of the study's conclusion that genetic content is a more important determinant of experimental virulence than is ecological source. Here, ecological source was so weak a predictor of illness severity that it did not qualify for inclusion in the multivariable models and, when included anyway, proved noncontributory. Additional evidence of virulence commonality across source groups was the finding that similar trait combinations, including the established composite variables, ExPEC JJ and UPEC HM , predicted experimental virulence among fecal and clinical isolates alike.
Collectively, these findings suggest that the observed overall virulence differences between clinical and fecal isolates can be explained better by these populations' different admixtures of virulent versus nonvirulent strains, rather than by categorical strain-level virulence differences by source. The most strongly predictive individual traits, both overall and among fecal and clinical isolates, were fyuA (yersiniabactin system) and kpsM II and K1 (group 2 capsule genes), although to what extent they contributed directly to or were simply markers of virulence is unclear.
Nonetheless, even the best-performing trait-based prediction models yielded an r 2 of <50%. To the extent that bacterial characteristics determine infection outcomes, this implies the possible importance of traits other than those we tested, perhaps including known virulence genes [26] or as-yet-unknown traits that await discovery, such as by genome [27, 28] or transcriptome [29] analysis. Alternatively, expression levels, trait combinations, multiply determined phenotypes, and/or regulatory pathways may be important, as may be other typing methods or advanced analytical approaches [30] .
Host factors also must be considered. In humans, host compromise allows low-virulence E. coli strains to cause severe disease [6, 31] . Likewise, different inbred mouse strains with specific immune polymorphisms exhibit different responses to bacterial challenge [32, 33] . Host-to-host variation may be relevant here since we used outbred mice, for which the host response to bacterial challenge may vary by mouse. To avoid confounding by such host variation, we assigned mice randomly to each test strain. Nonetheless, stochastic effects could have led to some strains being administered to groups of mice that were disproportionately more or less resistant to infection, biasing the results for those strains.
The present findings' relevance to E. coli infections in humans is unknown. Mice are not humans, and the model is highly artificial. Moreover, given known differences in anatomic site-specific host defenses, nutrient resources, and bacterial receptors, different animal models might yield different results. Still, given the appreciable commonality across anatomic sites with respect to the challenges pathogens face in persisting and causing disease, certain bacterial characteristics likely are important, regardless of the specific model or host species. Notably, our nonurinary tract model identified as significant virulence predictors certain traits, such as pap and usp, that were interpreted initially-and even named ("pyelonephritis-associated pili" and "uropathogenic-specific protein, " respectively)-as urovirulence factors [34, 35] and that have proven urinary tract-specific mechanisms [36, 37] . Likewise, UPEC HM , a composite variable derived by molecular epidemiological comparisons of human urine and fecal isolates, here was predictive of systemic virulence, especially so among fecal isolates, in a model that bypasses completely the urinary tract. This provides further evidence of the tenuous and somewhat arbitrary nature of the distinction between UPEC versus ExPEC and between urovirulence factors versus generic extraintestinal virulence factors.
Our use of a broader pool of candidate predictor variables than studied previously identified novel trait combinations that outperformed the established molecular definitions ExPEC [18] and UPEC [3] , suggesting the possibility of devising improved molecular definitions. However, for this it would be desirable to test additional isolates, including those from humans, animals [38] , food [39] , and the environment [40] , in multiple infection models, and to supplement such experimental data with epidemiological data that, ideally, would consider host compromise status and clinical presentation.
Study limitations include the reliance on a murine sepsis model, analysis only of selected bacterial traits (and for presence or absence only), inattention to host factors, and small numbers in some subgroups. Study strengths include the comparatively large study population and broad range of traits analyzed, the multistage analytical approach, and the inclusion of the composite variables, ExPEC JJ and UPEC HM .
In summary, the experimental virulence in mice of human clinical and fecal E. coli isolates corresponded more closely with virulence gene content and phylogenetic background than with source, and even the most predictive combinations of bacterial variables explained less than half of the observed virulence variation. This both confirms the primacy of bacterial traits over ecological origin in predicting the extraintestinal virulence in E. coli and identifies a need to investigate further the host and bacterial determinants of extraintestinal virulence.
Notes
